Previous analyses indicate major gene control of susceptibility to leprosy per se and the HLA class II region has been implicated in determining susceptibility and control of clinical phenotype. Segregation analysis using data from 76 Brazilian leprosy multi-case pedigrees (1166 individuals) supported a two locus model as the best fit: a recessive major gene and a recessive modifier gene(s) (single locus vs two locus model, P = 0.0007). Combined segregation and linkage analysis to the major locus, showed strong linkage to HLA class II (HLA-DQB1 P = 0.000002, HLA-DQA1 P = 0.000002, HLA-DRB1 P = 0.0000003) and tumour necrosis factor genes (TNF P = 0.00002, LTA P = 0.003). Extended transmission disequilibrium testing, using multiple affected family members, demonstrated that the common allele TNF*1 of the −308 promoter region polymorphism showed linkage and/or association with disease per se, at a high level of significance (P Ͻ 0.0001). Two locus transmission disequilibrium testing suggested susceptibility (TNF*1/LTA*2) and protective (TNF*2/LTA*2) haplotypes in the class III region. Taken together the segregation and HLA analyses suggest the possibility of more than one susceptibility locus in the MHC. Genes and Immunity (2001) 2, 196-204. 
Introduction
Leprosy is a chronic mycobacterial infection caused by the intracellular macrophage pathogen Mycobacterium leprae, with about 850 000 reported cases worldwide. Leprosy is characterised by a spectrum of disease symptoms. At the lepromatous pole patients exhibit multibacillary infection and an absence of antigen-specific cellular immunity. At the tuberculoid pole patients exhibit paucibacillary infection and a strong cellular immune response. Between these two poles borderline leprosy patients show intermediate phenotypes. 2 Evidence suggests that the incidence of leprosy infection is much higher than the incidence of clinical leprosy. Only a small proportion (about 5%) of those infected are thought to develop clinical symptoms; the remainder develop subclinical infections which may be persistent or self-curing. 3 This may be due in part to environmental factors such as nutrition, or bacterial genetic differences, but there is also a wealth of evidence for a genetic basis for host susceptibility to both disease per se and disease sub-type. This evidence includes familial clustering of disease, and differences in concordance between mono-zygotic and dizygotic twins. 4 More recently, segregation analysis and association studies have confirmed the presence of a significant genetic component to leprosy. [5] [6] [7] [8] [9] [10] Segregation analysis has been performed on various populations, using a variety of methods, to determine a mode of inheritance for susceptibility to disease per se and disease sub-types. [5] [6] [7] [8] [9] [10] The results suggest major gene control of susceptibility to leprosy per se, however no consensus as to a mode of inheritance associated with subtype of disease has been reached. Segregation analyses for susceptibility to other intracellular macrophage pathogens have suggested an oligogenic model controlling susceptibility to M. tuberculosis, 11 and a recessive major gene controlling susceptibility to Leishmania peruviana, 12 and L. braziliensis. 13 The major histocompatibility complex (MHC), located on the short arm of human chromosome 6, is a candidate region for controlling disease susceptibility. Preliminary linkage analyses are indicative of some influence of this region in immune response and clinical phenotype. 5, [14] [15] [16] However the majority of studies have looked for association of disease phenotype with particular human leukocyte antigen (HLA) alleles. [17] [18] [19] The most consistent findings are for an association between the class II allele HLA-DRB1*DR2 and disease per se 20, 21 or tuberculoid disease, [22] [23] [24] and HLA-DRB1*DR3 with tuberculoid disease. 25, 26 The influence of the MHC on antigen presentation to T cells may be directly responsible for genetic susceptibility to disease. Alternatively the observed associations may be due to the strong linkage disequilibrium between 197 MHC class II genes and nearby tumour necrosis factor genes (TNF and LTA). The less common allele of the −308 biallelic promoter region polymorphism, of the gene coding for tumour necrosis factor-␣, has been associated with a number of diseases, [27] [28] [29] [30] including lepromatous leprosy for which exaggerated TNF-␣ production is thought to contribute to disease phenotype. Association between tuberculoid leprosy and the genes encoding the transporter associated with antigen-processing (TAP) in the class II region has also been demonstrated. 31 In the present study multicase leprosy families from Belém, north-eastern Brazil, 32 are used to re-examine the role of MHC genes in controlling disease. Segregation analyses are used to determine the mode of inheritance for susceptibility to leprosy per se, in this population. The model derived is used to analyse linkage between susceptibility to disease and HLA class II and tumour necrosis factor genes. Results are compared with non-parametric linkage analyses and allelic association tests.
Results

Segregation analysis
When COMDS was used the general two locus model provided the best fit (model 7), with a recessive (D = 0.20) major gene and a recessive (DM = 0.11) modifier gene(s) ( Table 1 ). The sporadic model (model 1) and single locus models (models 2, 3, 4, 5) were conclusively rejected. There were significant differences between model 7 and model 1 ( 
Linkage analysis
The general two locus model was used to perform combined segregation and linkage analysis fixing the recombination fraction, TH, to (0.5) for the unlinked models (Table 2) . Highly significant linkage was found between HLA class II markers and disease; HLA-DQB1 (LOD = 4.978, P = 0.000002), HLA-DQA1 (LOD = 4.870, P = 0.000002) and HLA-DRB1 (LOD = 5.783, P = 0.0000003), exceeding the criterion (LOD = 3) used to report significant linkage. 33 Linkage was also found to the TNF locus (LOD = 4.000, P = 0.00002). Statistically significant linkage was also found to the LTA locus (LOD = 1.935, P = 0.003), Genes and Immunity but failed to meet the accepted threshold for linkage. 33 For all markers recombination fractions iterated to 0. Non-parametric multipoint linkage, effectively using haplotypes, of the five markers against leprosy per se, implemented in GENEHUNTER confirmed the significant linkage across the class II and class III regions (DQB1 P = 0.0012, DQA1 P = 0.0009, DRB1 P = 0.0012, TNF P = 0.003, LTA P = 0.003).
Extended transmission disequilibrium test
Markers were analysed for the presence of association with leprosy per se, lepromatous and tuberculoid subtypes. For transmissions of individual alleles, P values are presented after correction for the number of tests/alleles, unless otherwise specified. Significant goodness-of-fit tests indicated that the allele-wise model did not fit the data as well as the genotype-wise model (data not shown). This may be due to transmissions to more than one affected offspring per nuclear family. For this reason we present only results of the genotype-wise model. When considering leprosy per se (Table 3) , significant association was found between HLA-DQB1 (P = 0.0003),
HLA-DQA1 (P = 0.018), HLA-DRB1 (P = 0.003) and the most significant result for TNF (P = 0.000012). A bias in transmission of specific alleles was seen. HLA-DQB1*0201 was protective (P = 0.008), whereas HLA-DQB1*0501 was associated with disease (P = 0.008). HLA-DQA1*0101 was associated with disease (P = 0.024) whereas HLA-DQA1*0201 was protective (P = 0.018), but the HLA-DQA1 P-values were not significant after correction. HLA-DRB1*1 was associated with disease (P = 0.013, before correction), HLA-DRB1*7 was protective (P = 0.036). The common allele, TNF*1, was significantly associated with disease (P = 0.000036). No association was detected between LTA and leprosy per se.
When considering lepromatous leprosy only TNF remained significantly associated with disease (P = 0.025), with allele TNF*1 as the susceptibility allele (seven times passed, once not passed), and TNF*2 affording protection. However, this was based on only eight transmissions. When considering tuberculoid leprosy (Table 4 ), significant association was found between HLA-DQB1, HLA-DQA1, HLA-DRB1 and most significantly TNF (P = 0.0006). A significant transmission bias of specific alleles was seen; protection afforded by HLA-DQB1*0201 and disease susceptibility conferred by HLA-DQB1*0501. In addition, TNF*1 was significantly associa- ted with disease (18 times passed, three times not passed, P = 0.001).
We tested for association in the presence of the strong linkage already demonstrated by considering only transmissions to the eldest affected sibling in a family (Table 5) Table 5 suggest that there is association, not confounded by the presence of linkage, for at least the TNF marker but more detailed analysis of the region with a high density of SNP markers will be required to precisely localize the causal site.
Detection of linkage disequilibrium
Analysis with ASSOCIATE showed significant evidence for the presence of linkage disequilibrium between TNF and LTA. ⌬ scores indicate specific linkage disequilibrium between allele 1 of TNF and allele 1 of LTA (⌬ = 0.0495). Linkage disequilibrium in the class III region was calculated using observed haplotype frequencies generated during non-parametric linkage analyses.
Haplotype TNF*1/LTA*1, has a frequency of 0.57 (expected = 0.51), and TNF*2/LTA*2, has a frequency of 0.11 (expected = 0.05), and therefore occur more frequently than expected, and TNF*1/LTA*2 (0.31 vs 0.37 expected) and TNF*2/LTA*1 (0.01 vs 0.07 expected) occur less frequently (P = 0.0006). Evidence of linkage disequilibrium was sought between the class III region alleles and selected high frequency alleles from HLA-DQB1, DQA1, DRB1. As ASSOCIATE is based upon a 2 distribution, cells containing values Ͻ5 invalidate the test. Therefore both TNF and LTA loci were tested against homozygotes for one specific HLA-DQB1, DQA1 or DRB1 allele, heterozygotes combining the specific allele and any other allele, and homozygotes of any combination of other alleles. However the only significant result was seen between LTA and HLA-DQB1*0602.
Two locus transmission disequilibrium testing
Using leprosy per se as the phenotype, and GENE-HUNTER, results of two locus transmission disequilibrium testing are given in Table 6 . There is no distortion 
Discussion
Previous segregation analyses have tested only single gene and multifactorial models, despite the likelihood that a complex disease, such as leprosy, will be controlled by genes of large and small effect. Unlike previous segregation studies, use of the program COMDS allowed testing of oligogenic models. A predominantly environmental model of disease transmission was significantly rejected, as in the study of Shields et al. 6 COMDS provided overwhelming evidence for a two locus model with a recessive major gene, disease allele frequency Q = 0.0388, and a recessive modifier gene(s), disease allele frequency QM = 0.0159. However examining the single gene models by COMDS, a co-dominant model provided the best fit to the data.
The present study contrasts with previous studies which proposed a dominant major gene as a disease susceptibility locus (DSL). A study of 63 multi-case pedigrees from northern Thailand, using the program POINTER, suggested a dominant gene controls susceptibility to leprosy per se with a recessive gene for tuberculoid disease. 8 Use of time-dependent logistic hazard function and regressive logistic models to analyse 402 nuclear families was suggestive of a dominant or co-dominant model of inheritance in the Vietnamese population, 9 similar to the single major gene model presented in this study. The findings do not initially appear to support the model of a recessive major gene proposed by studies in India, the Caribbean and south-eastern Brazil. 5, 7, 10 However, using the two locus model, both loci tend towards recessivity, controlling susceptibility to leprosy per se. It is likely that the Belém population is closest to the southeastern Brazilian population described by Feitosa et al. 10 In this latter study there was no evidence for a unique genetic determinant controlling disease sub-type.
This study has provided evidence for strong linkage to the HLA class II region and TNF and LTA loci, achieved using combined segregation and linkage analysis performed by COMDS. 34 The advantage of this technique is that it avoids inappropriate assignment of genetic parameters which can weaken evidence for linkage and overestimate the recombination rate. 35 This model allows linkage to be tested to the major gene. Historically it has proved hard to demonstrate strong evidence for linkage, although non-random inheritance of HLA haplotypes has been apparent, especially for tuberculoid leprosy. 5, 14, [16] [17] [18] Some studies have employed immune response phenotypes associated with leprosy. Rawlinson et al 15 found linkage between HLA and non-responsiveness to M. leprae and suggested that disease type (lepromatous leprosy) was controlled recessively by this region.
Estimates of all recombination fractions, (all at = 0), are smaller than those of Dessoukey et al 16 and are strongly supportive of at least one locus controlling disease phenotype in this region. The possibility of more than one DSL within this region is in accordance with the early observations of de Vries et al 17 who suggested that both susceptibility to and type of leprosy are controlled by at least two HLA-linked genes. Parametric analysis was complemented by nonparametric analyses using GENEHUNTER. These nonparametric analyses also showed evidence of linkage, particularly to the class II region. The results of these analyses may reflect the lower power compared to use of a correct parametric model, but are also due to the structure of the families. Weak linkage to TNF and LTA may, in part, be due to the poor information content of these markers.
Analysis using ETDT, confirmed association of leprosy per se and tuberculoid leprosy with alleles of HLA-DQB1, DQA1 and DRB1 loci. The associations with tuberculoid leprosy may largely account for those seen with leprosy per se. HLA-DQB1*0501 was transmitted more frequently to affected individuals, as were HLA-DQA1*0101 and HLA-DRB1*1. These associations may be unique to this population. The reduced transmissions of HLA-DQB1*0201, HLA-DQA1*0201 and HLA-DRB1*7 reflect either protective effects of these alleles, or alternatively linkage disequilibrium within the region. No apparent associations were seen with HLA-DRB1*2 (here described as DRB1* 15 + DRB1*16) or HLA-DRB1*3, however any non-significant associations with these alleles will still contribute to the ETDT tests. An association of HLA-DR2 has been identified with tuberculoid rather than lepromatous leprosy in a southern Brazilian population. 36 Associations with the class II region are thought to occur due to class II restriction of presentation of mycobacterial epitopes to T-helper cells. 21 However restriction for M. leprae is often described for the DR rather than DP or DQ regions. 19 Zerva et al 37 reported an increase in HLA-DRB1 molecules with Arg(13) or Arg(70)-Arg(71) in tuberculoid leprosy patients. These three amino acids lie in a critical region of the molecule, lining a pocket which accommodates the side chain of a bound peptide.
In contrast, we found significant association between the common allele 1 of TNF and leprosy per se, disease subtypes and leprosy per se with transmissions to only one affected child per family. Despite the linkage to LTA seen using COMDS, no associations were seen with alleles of LTA. The association with TNF*1 contrasts with the finding of Roy et al 27 who showed TNF*2 to be associated with lepromatous leprosy. TNF associations with disease phenotypes have been shown for the uncommon allele 2 with several diseases, [28] [29] [30] where exaggerated TNF-␣ production is thought to contribute to disease phenotype.
TNF-␣ is produced by macrophages and is important in macrophage activation; for the killing of intracellular M. leprae and efficient antigen presentation, through MHC class II molecules. Maintenance of bacterial clearance in tuberculoid leprosy is biased towards a T-helper 1 CD4
+ response generating TNF-␣, interleukin-1 (IL-1) and interferon ␥ (IFN-␥); and lepromatous leprosy towards a T-helper 2 CD4
+ response generating IL-4 and IL-5.
38,39 TNF-␣ itself is a potent inflammatory mediator and can cause local tissue damage. 40, 41 Hence variation in genes, which influence production of TNF-␣, are likely to directly affect susceptibility.
There are two major hypotheses for how TNF-␣ influences infectious disease. The first is based on the concept of over-production and a hyper-inflammatory response, as seen in acute bacterial infections. This is not so clear cut in a chronic infection such as leprosy, although heightened inflammatory responses are associated with reaction responses. 41, 42 The second hypothesis predicts that the requirement for TNF-␣ production to activate macrophages to kill micro-organisms means that polymorphisms leading to low TNF-␣ production would be associated with disease. However, the relevance of the TNF-308 polymorphism to TNF-␣ production is unclear. Initial reporter gene studies using TNF promoter constructs suggest that the uncommon allele 2 functionally increases levels of TNF-␣ produced, 43 although this is disputed by others. 44 TNF-␣ production, after lipopolysaccharide stimulation of whole blood, has been shown to be higher amongst carriers of TNF*2 than TNF*1 homozygotes by Louis et al. 45 In contrast, recent studies in the Gambia found low serum TNF-␣ levels in TNF*2 homozygotes, and a wide range of TNF-␣ responses in TNF*1 homozygotes and in heterozygotes (A Awomoyi, JM Blackwell and M Newport; unpublished data). In addition, there is now evidence to support a complex interaction between different TNF promoter region polymorphisms. 46 Linkage disequilibrium is known to occur between three polymorphisms of potential functional significance in the promoter region. 46 Further studies will be required to understand the functional basis to allelic associations between the TNF alleles and leprosy in different populations, and whether these are due to TNF itself or genes in tight linkage disequilibrium.
The TNF-308 polymorphism, involved in regulation of TNF-␣ production, cannot be the sole regulatory mutation of interest for disease susceptibility in this Brazilian population. Two locus transmission disequilibrium testing revealed haplotypes containing TNF*1 conferring susceptibility (TNF*1/LTA*2) and with no transmission distortion (TNF*1/LTA*1). This analysis also provided an explanation for the lack of association found with LTA alleles, despite the linkage disequilibrium between the TNF and LTA loci. Haplotypes containing LTA*2 can be correlated with both susceptibility (TNF*1/LTA*2) and protection (TNF*2/LTA*2).
Strong linkage disequilibrium, in some populations, is known to exist within the MHC class II and TNF regions (gene order: HLA-DQB1, HLA-DQA1, HLA-DRB1, TNF, LTA). TNF*2 is in disequilibrium with DR3 whereas TNF* 1 is in disequilibrium with DR4. 47 Association of TNF*1 with leprosy could be due to linkage disequilibrium between TNF*1 and another gene close by, including class II genes. In the present study, linkage disequilibrium was found between TNF and LTA, but not between the class III and the class II genes. This is likely to be accounted for by the mixed racial origins of the Belém population. Although sample sizes were not large enough for exhaustive testing of linkage disequilibrium, this may suggest that associations between disease with class II alleles and TNF*1 are discrete. With these results in mind, and the best model of segregation, more than one leprosy susceptibility gene may lie within the MHC. Given the major role played by HLA genes in determining susceptibility to leprosy disease and its subtypes, further analysis of the genes and mechanisms involved are important to our further understanding of disease processes.
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Methods
Ascertainment of families
Families were ascertained through medical records at the local Ministerio de Saude health centres and the Marituba Leprosy Hospital in Belém, Para, Brazil. All were resident in Belém. Families were pursued when there was an indication that additional family members had been, or were currently, affected with leprosy. The total dataset for segregation analysis was 76 pedigrees with 1166 individuals, yielding 160 nuclear families. 32 Families came from areas of high leprosy prevalence. Brazil exhibits the highest worldwide prevalence for leprosy, 6.2 cases per 10 000 habitants (WHO, 1998). For genetic analysis, probands were taken as the initial affected cases found in medical records. If there was more than one proband from case records, the youngest affected sibling of an extended family, with a case record, was selected. Since families were highly selected through the initial proband, ascertainment of multicase families was controlled for by assigning a second proband; arbitrarily the oldest affected sibling within a nuclear family. Individuals designated with an 'uncertain' affection status were given an 'unknown' affection status (which removes the individual from analyses) to prevent ambiguity. Ages were recorded as age at last observation for affected and unaffected individuals. Any individual with unknown age could not be assigned to a liability class and hence could not be included in the segregation analysis. Nuclear families were removed when the majority of individuals were not assigned a liability class, where ages were not known. As age at time of death had not been recorded, liability classes for dead unaffected parents were estimated upon the age of living siblings. Those individuals with an estimated liability class of 6 (age Ͼ49 years, which represented the majority of cases) were classed as unaffected, younger individuals were given an 'unknown' affection status.
Genetic typing
Seventy-three multicase families (containing 376 individuals for whom DNA was available) were used. The data included both two and three-generation pedigrees. There were 64 nuclear families with at least two affected sibs (yielding a total of 147 sib-pairs). Informed consent was obtained from all adults and parents of children before blood samples were taken. DNA was isolated from EBV transformed cell lines. 48 Polymorphic loci typed in this study were all located on chromosome 6q23.1. The region of interest in each gene was amplified by polymerase chain reaction (PCR) and the product analysed according to published methods. The polymorphisms included those in the MHC class II genes HLA-DQB1, HLA-DQA1, HLA-DRB1, the −308 TNF and the LTA NcoI biallelic polymorphisms. 29, 49, 50 HLA polymorphisms were typed using sequence specific oligonucleotide (SSO) probes, 51 labelled with digoxygenin (DIG labelling system, Boehringer Mannheim, Germany), to hybridise to PCR amplified regions on nylon membrane (Boehringer Mannheim). HLA-DRB1 probe sequences were taken from the 1991 HLA Workshop 52 and HLA-DQB1 and DQA1 sequences from the 1991 HLA Workshop. [52] [53] [54] Probe binding was observed using a DIG Luminescent Detection Kit (Boehringer Mannheim) and exposure to chemiluminescence detection film (Kodak) for 45 minutes.
Segregation analysis, and combined segregation and linkage analysis For segregation analysis, age at observation was used to define six liability classes in 10-year age bands with the last class representing Ͼ49 years. Liability class frequencies were derived from data collected for the State of Pará by the Hospital Universitario Joao de Barros Barreto, Belém. Exact average incidence data for leprosy in the population, 1993/1994, was not available for specific age groupings. However using the number of active cases per age group it was possible to estimate the proportion that each age group contributed to the overall incidence rate of 45 in 100 000. The total incidence per age group was then determined from the total population of Pará (4 949 552). Age bands of 10 years were constructed to contain similar numbers of people. Average leprosy incidence rates were multiplied by 5, representing the average amount of time a person spends in a particular age grouping, and cumulative prevalence rates were estimated. Final liability classes were obtained by dividing cumulative prevalence by the population of Pará in the respective age groups. Liability classes were assigned to all individuals irrespective of affection status. The liability class frequencies used in the six classes were 0.00085, 0.00568, 0.01311, 0.01807, 0.02075 and 0.02357.
Segregation analysis was performed using the program COMDS. 34 COMDS tests sporadic and single gene models. Parameters of the single gene models are Q, the frequency of the disease allele, T, the distance between two homozygous means, on an underlying scale of liability, and D, the degree of dominance (where D = 0 when the disease allele is recessive and D = 1 when the disease allele is dominant). COMDS also implements a two-locus model 34 in which effects not attributable to a major gene are modelled as a second modifier gene(s) with parameters QM, TM and DM analogous to Q, T, D for the major locus. A polygenic background can be approximated by holding Q = D = 0.5 or QM = DM = 0.5 (pseudopolygenic model).
COMDS allows the testing of linkage to a major gene in both single-and two-locus models. This may be tested by estimating segregation model parameters with the recombination fraction (TH) fixed at (0.5) compared with the model with segregation parameters and TH iterated. The difference between −2 log likelihood (−2lnL) in the two models is a 2 distribution with 1 df. This can be expressed as a lod(Z) through division by 4.6 (−2ln(10)). COMDS accepts a maximum of nine alleles. Therefore, with HLA-DQB1 and HLA-DRB1 with 11 and 14 alleles respectively in this population, alleles were collapsed according to allele sub-groupings and frequency. Gene frequencies were calculated from unrelated individuals using SPLINK. 55 For HLA-DQB1 alleles 0601, 0602 and 0603 were combined. For HLA-DRB1 the following alleles were combined; DR9 and DR10; DR11 and DR12 (= DR5); DR13 and DR14 (= DR6); and DR15 and DR16 (= DR2).
For analysis with COMDS, pedigrees were divided into nuclear families according to Morton et al 56 and Shields et al. 57 Each nuclear family was analysed with pointers, who are affected relatives through whom the sibships were ascertained. Analysis was carried out under conditional likelihood which considers offspring phenotypes conditional on parental phenotypes, and is less sensitive to ascertainment bias than the joint likelihood approach, which considers parental and offspring phenotypes together. Ascertainment probability was set at 0.1, as about 10% of all available patients were selected. Values in parentheses were not iterated by the program allowing certain parameters to be fixed to represent different models. Comparisons of 'nested models' were made by taking the difference, in −2lnL values, which is distributed as a 2 , with degrees of freedom (df) equalling the difference between the number of parameters iterated. The Akaike information criterion (AIC) 58 was used to compare the likelihood of 'non-nested models'. AIC is defined as −2lnL plus twice the number of iterated parameters, where L is the likelihood. The most significant model is the one with the smallest AIC.
Non-parametric linkage and allelic association tests
Results from COMDS were verified by non-parametric linkage analysis using the NPL component of GENE-HUNTER version 2.0. 59 GENEHUNTER was particularly suitable for the Brazilian pedigrees. The NPL all statistic uses all available information from simultaneous consideration of all relatives and all markers, and loses relatively little power when compared to parametric methods. 59 The multipoint option in GENEHUNTER has the advantage of using the combined information from close markers in the analysis, in contrast to COMDS which can only determine linkage with one marker at a time. The genetic map used (distance in recombination fractions) was: DQB1 − 0.0001 − DQA1 − 0.0001 − DRB1 − 0.01 − TNF − 0.0001 − LTA Max bit was increased to 18 to reduce the number of individuals discarded from the analysis. Multipoint linkage was performed by taking five readings between each marker and to each off-end.
The extended transmission disequilibrium test 60, 61 considers transmission of a marker allele from heterozygous parents to affected offspring. Analysis was performed using the program ETDT 61 via the HGMP computer resource centre, Hinxton, Cambridge, UK. When only one parent has marker information, the nuclear family is discarded from analysis. 62 This results in a reduction in the number of potential transmissions, particularly when considering leprosy disease sub-types. ETDT considers a genotype-wise (saturated model) where transmission probabilities for each allele of each genotype are individually examined to determine deviation from 50% transmission to affected offspring. An alternative allelewise model which considers transmission probabilities of each allele across genotypes, was found by goodness-offit tests to not fit the data as well as the genotype-wise model. Finally the test considers transmission of individual alleles of the locus to affected offspring, where Bonferroni correction, for the testing of multiple independent events, was applied. When testing families where there are multiple transmissions, effects observed may be due to linkage rather than pure association. 61 Therefore ETDT was repeated using transmissions to the eldest affected child only per family.
GENEHUNTER v2.0 beta release 2 59 also performs a standard implementation of the TDT. 46 Transmissions from homozygous parents are not counted, and cases where only one parent has been genotyped are only used when the parent and offspring are of distinct heterozygote genotypes. 62 Transmissions and non-transmissions are stored to allow 2, 3 and 4 locus TDT to be performed. The program counts transmissions and non-transmissions as a one-locus test and assumes there is no recombination which would interfere with the detection of founder haplotypes. The program outputs 2 values with 1 df.
Detection of linkage disequilibrium
Typed genetically unrelated individuals were selected to test for the presence of linkage disequilibrium within and between markers in MHC class II region and TNF and LTA genes, either manually from observed haplotype frequencies generated from non-parametric linkage analyses, or using the program ASSOCIATE. 63 A ⌬ score was produced which compares initial haplotype frequencies (given no allelic association) to haplotypes derived after 50 iterations. Positive ⌬ scores indicate alleles in linkage disequilibrium. The program was used via the HGMP computer resource centre, Hinxton, Cambridge, UK.
